We propose a conceptual framework that couples energy modeling with occupancy characteristics and energy use data to achieve comprehensive building energy consumption analysis. Specifically, we aim: 1) to couple distinct and spatially distributed simulation models and synchronize their data exchange; and 2) to demonstrate the coupled simulation through a hypothetical case example of a building.
INTRODUCTION
Significant advances have been made in energy modeling, building monitoring and sensing devices aiming to reduce energy consumptions in buildings. For example, advances in energy simulation software (e.g., Energy-10, eQuest, DOE2 and EnergyPlus) allow architects and engineers to develop significantly detailed models that predict energy consumption of a building. On the other hand, the use of Energy Management Control Systems (EMCS), which consists of both hardware and software components to control and monitor building operations, allows facility managers to perform activities such as reducing demand charges by managing and scheduling equipment loads (EIA 2012; Andrews and Krogmann 2009) . Another approach to ensure energy efficiency during operations phase focuses on occupancy education and feedback in residential buildings (Peschiera and Taylor 2012; Peschiera et al. 2010; Abrahamse et al. 2005 ) and commercial buildings (Azar and Menassa 2012) . Whether it is energy management or occupancy interventions, building stakeholders can significantly benefit from coupling these resources under one simulation model where they can test strategies and analyze their impact on the building before their actual implementation. Such a simulation environment can reduce the facility manager"s uncertainty in choosing technical and behavioral intervention strategies. In this sense, the main limitations of the de-coupled approach to building design and operation are: (1) a single and monolithic model cannot simulate complex processes within a domain with the required fidelity and detail; (2) a single set of model developers cannot have expert knowledge in all the details of a domain to be simulated; and (3) those who are managing a building"s energy systems generally do not have the training to utilize the multiple programs.
The premise of this paper is that the de-coupled approach to simulation, modeling and energy management prevents the benefits of existing tools used in the design phase (e.g., EnergyPlus) from being extended to the operation phase of the building. Particularly, these existing energy models are very dependent upon data input by the designer/engineer, which limits their ability to simulate complex processes that use the data obtained during building operation phase. Therefore, we propose an extensible simulation framework that allows for the coupling of distinct and spatially distributed energy and occupancy simulation models, and synchronization of their data exchange through the use of High-Level Architecture (HLA: IEEE 1516). An extended version of this paper has been submitted and is currently in review with the ASCE Journal of Computing in Civil Engineering, Special Issue on Computational Approaches to Understand and Reduce Energy Consumption in the Built Environment (Menassa et al. 2013) .
OBJECTIVES
The objectives of this paper are to: (1) investigate the applicability of the HLA to provide a platform to develop an extensible coupling of building energy analysis and occupancy models; (2) describe the prototype of the HLA framework that was developed for this purpose; and (3) provide a proof of concept for the prototype model through an application to a case study.
COUPLED BUILDING ENERGY SIMULATION
Several research efforts have been made to couple different building systems for control and testing either through direct coupling of energy simulation programs or through the use of a modular middleware. Direct coupling work includes: heat and air flow analysis in buildings (Hensen 1999) , integration of multiple geographically distributed simulation applications within a building design tool (Lam et al. 2002) , building energy simulation and Computational Fluid Dynamics (CFD) for prediction of energy and indoor environment (Zhai and Chen 2005) , and component system packages for HVAC design (Trecka et al. 2006) . A major limitation of these models is that they have been developed to address a specific application. As a result, the potential of these models to be reused and built upon by others is reduced.
On the other hand, the Building Controls Virtual Test Bed (BCVTB) developed at Lawrence Berkley National Laboratory (Pang et al. 2012; Wetter 2011) uses Ptolemy II (Brooks et al. 2007 ) as a modular middleware to couple simulation programs. Limitations of BCVTB are related to Ptolemy II since it only allows the modeling, simulation, and design of concurrent, real-time and embedded systems without great flexibility.
MODEL DESCRIPTION
In order to achieve the objectives, we applied the principles defined in the HLA proposed by the US Department of Defense (DOD) (Kuhl et al. 1999 ) to couple energy simulation. The DOD HLA is a collection of general rules that manage the development of complex, interoperable simulations in a distributed network environment. The HLA guidelines have been standardized by IEEE (Institute of Electrical and Electronics Engineers), and specifically developed to enable scalability, extensibility, and interoperability. In addition, they allow for shared model development effort for complex multidisciplinary problems and the reuse and assembly of multiple (perhaps existing) models in different contexts as part of a larger, interdependent, complex simulation (Kuhl et al. 1999) .
In any simulation framework that applies the HLA principles, the HLA rules must be enforced if a federate (i.e., single simulation model) or federation (i.e. collection of multiple running and interacting federates) is to be regarded as HLA compliant. The HLA interface specification defines the functional modes of interaction between multiple federates and the framework"s Run-Time Infrastructure (RTI). The RTI is software that must conform to the HLA specifications and provide simulation facilitation services (e.g., coordinates the synchronization and transfer of data between federates). The Object Model Template (OMT) prescribes standards for defining HLA object modeling information, which includes the data to be handled by the RTI when a simulation federate executes.
The biggest motivation to apply the HLA principles is that no single simulation or model in any domain can satisfy all uses and users (Dahmann et al. 1998) . However, with the HLA principles, different simulations models that have been developed or will be developed can be composed together and form a HLAcompliant federation. The important tasks in developing the HLA-compliant federation include: (1) investigating the requirements for creating a HLA-compliant energy simulation framework, and (2) establishing the necessary computing infrastructure to couple different models (i.e., middleware). In this research, CERTI HLA was selected and customized for the development of this federation. CERTI is is open-sourced and has multiple language bindings (e.g. C++/JAVA/Matlab) whose flexibility is critical for scalability and extensibility.
One of the most important capabilities from HLA RTI is enabling seamless communication between processes. Each simulation model/process (i.e. federate) interacts locally with an RTI Ambassador process (RTIA) in a whole simulation system (i.e., federation). Specifically, the RTIA listens to both the federate and the RTI. When a RTIA receives a message, RTI delivers it to the other interested RTIAs. By enabling such communications throughout all the constituent federates (e.g., making them HLA-compliant), a larger coupled simulation system can be realized. Figure 1 (Menassa et al. 2013 ) illustrates how two federates, a building energy prediction federate (DOE2 Federate) and a building occupancy federate (Anylogic Federate), exchange an energy consumption parameter and a behavior level parameter. The Anylogic Federate is a computational agent-based model that simulates occupancy as a variable element by assigning attributes and characteristics to building occupants such as energy consumption estimates that correspond to different and changing energy consumption behaviors of occupants over time (Azar and Menassa 2012) . The DOE2 federate uses BIM (Building Information Modeling) to generate the initial DOE2 energy simulation federate input (Kim and Anderson 2012) . Once this energy simulation is initiated, the DOE2 Federate will first read an initial input file (.INP file) generated by ifcXML (a neutral file format of BIM), in order to populate much of the information required for energy simulation in DOE2 from a building information model. The energy simulation federate invokes the DOE2 Engine from a command line to perform the initial energy estimate. Data from the estimate is then extracted from its output file (.SIM file) to compute the energy consumption parameter "energyConsumption" (see Figure 1) . After it publishes this "energyConsumption" parameter through CERTI RTI, the DOE2 Federate will wait for CERTI RTI to update the behavior level parameter "behaviorLevel" from the Anylogic Federate for further simulation. When CERTI RTI receives the newly published "energyConsumption" parameter, it will immediately broadcast this value to those federates who are interested in (i.e., subscribe to) the value. In this case, the Anylogic Federate that has been waiting for the "energyConsumption" parameter, will rewrite the newly received value to an "Input.txt" file. This file serves as the input of the Anylogic Engine (see Figure 1) . Since the Anylogic engine is not opensourced and can"t be invoked from command line, the authors circumvent the problem by designing an Anylogic model which runs endlessly. Whenever it finds out the "Input.txt" file has been rewritten, the Anylogic model will start a new building occupancy simulation based on the new value reflected from this new "Input.txt", and writes its output, i.e. "behaviorLevel", to "Output.txt". As long as Anylogic Federate detects that "Output.txt" is rewritten, it will: 1) extract its value; 2) publish to CERTI RTI as the new value of "behaviorLevel"; and 3) wait for the next update of "energyConsumption". Now similarly, CERTI RTI will broadcast the newly updated "behaviorLevel" to its audience, DOE2 Federate that will rewrite the INP file accordingly for the next simulation iteration (Figure 1 ) (Menassa et al 2013) .
Design of Energy Simulation Federation:
In order to achieve the above described inter-process data exchange, a data exchange description file (.FED file) is designed based on what data is going to be sent through the CERTI RTI. When each federate tries to initialize itself, this FED file has to be provided so that the federate can either create a new federation or join an existing federation. The invoking sequence of the CERTI HLA API is thus divided into three phases: 1) preparation, 2) main simulation loop, and 3) clean up.
CASE STUDY
A case study was conducted to test the proposed framework. A generic onestory office building in Ann Arbor, MI was chosen. The building has 20 occupants and the baseline building systems schedules are set to conform to ASHRAE 90.1-2007 and thermal set points to ASHRAE 55-2010 55- (ASHRAE 2010 ASHRAE 2007) . This building is being tested to determine how changes in building occupancy energy consumption patterns due to feedback intervention will affect the energy use in the building. It is assumed that the energy consumption estimates provided by DOE2 are representative of the actual energy consumption levels of the building. Feedback is an intervention technique that provides building occupants with their energy consumption levels, as well as target energy use levels.
Description of the Federate and data exchange through CERTI RTI:
Modeling an intervention (e.g., feedback), which occurs during building operation, requires a certain level of coupling and communication between the energy simulation software (e.g., DOE-2) and the occupancy behavior software (e.g., an agent based model). In addition, ArchiCAD was used to model the building under study and import the 3D model in DOE-2 to simulate the building energy performance.
In the study of feedback, real-time energy levels are critical for a realistic modeling of the feedback concept. Thus, actual energy consumption levels generated by DOE-2 were imported to Anylogic and communicated to agents, who adapt their behavior accordingly. It was assumed that the 20 occupants of the building were initially evenly split between two categories: Green and non-Green. The influence to change behavior, caused by feedback, can occur in two ways: Green occupants can convert their non-Green peers to the Green category and vice-versa. In the model, each category of occupants (i.e., Green and non-Green) has a Level of Influence (LI) parameter that defines the rate of convergence between the categories (See Azar and Menassa 2012 for additional details). The LI of Green occupants was assumed to be proportional to how far away the actual building performance is from the target one. Overconsumption of energy is expected to increase the LI of the Green occupants leading to higher rates of convergence to the Green category. As for the influence of non-Green people, it was randomly generated using a uniform distribution between 0 and the LI of Green people. This particular function was chosen to generate, in a random manner, a lower influence for non-green people. Table 1 illustrate the data exchange and time of engagement of the DOE2 and Anylogic models through the CERTI RTI federation (Menassa et al. 2013 ). a -A previously developed BIM of the building under analysis is manually loaded. b -BIM is manually exported as an ifcXML file. c -ifcXML file is transformed into an IMP file and imported in the DOE-2 model using the method described in Kim and Anderson (2012) . The process is initiated manually. d -DOE2 model is run for 12 months to generate the "target" energy consumption levels and stored to be used in the DOE2 Federate for comparison with actual levels. Optimal occupancy behavior is assumed in this case. This whole process is automatically performed after launching the HLA model.
Step 0 -Anylogic is manually launched, which triggers the automated data exchange between DOE-2 and Anylogic through CERTI RTI Energy Simulation Federation.
Step 1 -Anylogic sends the initial number of Green and non-Green occupants to the HLA"s ABM federate.
Step 2 -The ABM Federate communicates with the energy modeling Federate to translate the number of Green and non-Green to DOE-2 input parameters (INP file), which reflects the current behavior of building occupants. For instance, an increase in number of Green people results in lower lighting use schedules in DOE-2.
Step 3 and 9 -The energy modeling Federate launches the DOE-2 at t=0 or t-1, which predicts energy use for the first month (or second month).
Step 4 and 10-The energy consumption level for a given month is sent back to the energy modeling Federate which compares it to the "target" energy level for this month that was generated in Step d.
Step 5 -The energy modeling Federate communicates the actual and target energy values to the ABM Federate.
Step 6 -The ABM Federate imports the values from Step 5 and launches a new run of the Anylogic model.
Step 7 -The updated values of Green and non-Green people resulting from changes in behavior due to Feedback are sent back to the ABM Federate. Changes in behavior resulted from the exposure of building occupants to their latest energy use levels (January) and their comparison to the desired levels (from Step d).
Step 8 -ABM Federate communicates the new numbers of Green and non-Green occupants to the energy modeling Federate in an INP file to be used as inputs in DOE2.
The steps keep repeating until the DOE-2 predictions correspond to the desired energy consumption levels, and the feedback intervention is considered successful. This provides the facility manager with an estimate of how long it will take for a certain level of feedback to influence occupants to reduce energy use. Results and Benefits of the Proposed HLA Framework: The results of the simulation are presented in Figure 2 (Menassa et al. 2013) , where the graph on the left shows the behavior of occupants obtained from Anylogic and the graph on the right illustrates the building energy performance obtained from DOE-2. The split in behavior led to an actual energy consumption level that is 14 percent higher than the desired one (Figure 3 , graph on the right). This overconsumption of energy resulted in a conversion of people towards the Green category over time. Convergence occurred at month 37 with all occupants becoming Green, resulting in maximum energy savings. The results confirmed the successful coupling of DOE-2 and Anylogic.
Figure 2: DOE-2 and Anylogic Results

CONCLUSION
The contributions of this research enable the coupling of building energy performance and operations for comprehensive and flexible energy simulation. The proposed framework will allow building stakeholders to use a simulation environment that models complexity as opposed to only approximating complexity. This is the case with most of other energy simulation frameworks discussed in this paper. Another important contribution lies in the HLA interface, which allows users to easily and effortlessly add additional software or hardware components depending on their intended applications and needs. 
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